Background: Landraces are an important source of genetic diversity in common wheat, but archival collections of Afghan wheat landraces remain poorly characterised. The recent development of array based marker systems, particularly single nucleotide polymorphism (SNP) markers, provide an excellent tool for examining the genetic diversity of local populations. Here we used SNP analysis to demonstrate the importance of Afghan wheat landraces and found tremendous genetic diversity and province-specific characteristics unique to this geographic region. Results: A total of 446 Afghan wheat landraces were analysed using genotype by sequencing (GBS) arrays containing~10 K unique markers. Pair-wise genetic distance analyses revealed significant genetic distances between landraces, particularly among those collected from distanced provinces. From these analyses, we were able to divide the landraces into 14 major classes, with the greatest degree of diversity evident among landraces isolated from Badakhshan province. Population-based analyses revealed an additional 15 sub-populations within our germplasm, and significant correlations were evident in both the provincial and botanical varieties. Genetic distance analysis was used to identify differences among provinces, with the strongest correlations seen between landraces from Herat and Ghor province, followed closely by those between Badakhshan and Takhar provinces. This result closely resembles existing agro-climatic zones within Afghanistan, as well as the wheat varieties commonly cultivated within these regions. Molecular variance analysis showed a higher proportion of intra-province variation among landraces compared with variation among all landraces as a whole. Conclusion: The SNP analyses presented here highlight the importance and genetic diversity of Afghan wheat landraces. Furthermore, these data strongly refute a previous analysis that suggested low genetic diverse within this germplasm. Ongoing analyses include phenotypic characterisation of these landraces to identify functional traits associated with individual genotypes. Taken together, these analyses can be used to help improve wheat cultivation in Afghanistan, while providing insights into the evolution and selective pressures underlying these distinct landraces.
Background
Wheat (Triticum aestivum) is the third most important cereal crop worldwide in terms of production and the most important in terms of calorie consumption, with overall production increasing year after year [1] . However, in developing countries such as Afghanistan, wheat production has declined steadily, an alarming trend in countries already struggling to meet basic food demands. In order to achieve sustainable production goals, most national programs have begun either exploiting existing natural diversity to identify strains suitable for specific regions or climates or have simply used elite varieties developed by private or international agricultural research centres. Regardless of the approach taken, identifying important alleles and other genetic information present in existing gene pools will be necessary to achieve optimal crop yields. Moreover, the establishment of self-driven germplasm activities is more sustainable, as this approach utilises native landraces, which are well suited to local environments.
Landraces have been identified as distinct, locallyadapted species with a high capacity to tolerate biotic and abiotic stresses, resulting in higher sustainable yields, as well as intermediate yields under low input agricultural conditions [2] . Populations such as these arose as a result of both natural and artificial selection, adapting not only to crop centres of origin, but also to new environments following transplantation.
Afghanistan is the third largest centre of origin for domesticated crops worldwide [3] , having played an important role in the domestication of wheat, barley (Hordeum vulgare), chickpeas (Cicer arietinum), peas (Pisum sativum), and rye (Secale cereale). However, frequent armed conflicts and other factors have led this country to lose all known germplasm collections developed to date. Fortunately, one long-running scientific expedition led by Dr. Hitoshi Kihara and others between 1950 and 1970 established an extensive Afghan wheat landraces collection, which is now housed in Japan. While other Afghan wheat collections do exist, the collection of landraces found in the Kihara Institute for Biological Research, Japan is thought to be unique in terms of the number of sites visited, the diversity of their environmental conditions, and the overall number of landraces collected [4] . Moreover, in contrast to other landraces, those of this collection are thought to be homozygous, since they were allowed to propagate by self-pollination over the course of several generations of genotypic studies. The genetic diversity contained within may therefore hold significant potential for both Afghanistan and beyond; however, significant work is needed to characterize these samples fully.
The recent development of molecular markers and high throughput systems has revealed a wealth of genotypic information for a wide variety of crops and plants [5, 6] . Among these, single nucleotide polymorphisms (SNPs) are the most common type of sequence variation in the genome [7] , making them well suited for genomics approaches requiring a high number of markers, such as association mapping [8] and genomic selection [9] . High-throughput SNP genotyping platforms have long been available for diploid crops such as maize [10] and barley [11] , and SNP arrays were developed recently for wheat [12, 13] . SNP analysis has been used successfully to characterize rice landraces [14] ; however, similar work in other landrace collections, such as wheat, has been minimal [15] . Here we examined a large, yet poorly characterized wheat landrace collection from Afghanistan to determine the genetic diversity, population structure, and other characteristics associated with genetic polymorphisms.
Results and discussion
The Kihara Afghan wheat landrace (KAWLR) collection and its importance
Although the importance of landraces in terms of both conservation and utilisation remain controversial [2] , much of this uncertainty stems from the lack of reliable data regarding the use and implementation of these resources [16] [17] [18] . Over the past few decades, significant efforts have been invested in the collection, preservation, and use of landraces worldwide. However, these efforts have failed to address the role of Afghan wheat landraces, a significant absence given the historical significance of this region in the domestication of wheat. While little remains of the local Afghan stocks, private collections, such as the one initiated by Dr. Kihara, have preserved much of the original diversity, accounting for~500 unique Afghan landraces [19] . Furthermore, the Kihara collection was maintained and preserved in both pure and homozygous states, increasing the novelty of these materials relative to other landraces. In addition, this germplasm contains representative landraces from all of the wheat-growing areas of Afghanistan, across eight agro-climatic zones, allowing for the most comprehensive study of the Afghan wheat gene pool to date (Figure 1 ) [1] . Recently Mitrofanova et al. [16] examined the genetic diversity of Afghan bread wheat landraces by compiling data available through all of the major gene banks worldwide. However, the scope of this analysis included only a small subset of available lines, with characterizations limited to just a handful of SSR markers.
In addition to genetic variations, phenotypic descriptions of this germplasm were also investigated, resulting in a total of 47 distinct botanical varieties. A previous study by Buerkert et al. [17] identified 19 botanical varieties in Afghan wheat landraces, although the number of unique landraces included in that study was significantly smaller than in the collection described here. Variations in spike morphology were also explored, revealing 10 different spike types, ranging from var. compactum (Alef.) Velican to var. speltoides (Alef.) Velican (Figure 2 ). Such an abundance of both genetic and phenotypic diversity evident in these materials makes this collection an essential resource for rebuilding the Afghan wheat industry and for improving the diversity of the Afghan wheat germplasm. Outside of Afghanistan, this germplasm represents an important resource for understanding wheat genetics and for developing new strains that may be better adapted to local climates.
Analysis of SNP markers
Following GBS analysis, data were filtered to remove SNPs exhibiting a minor allele frequency ≤10%, resulting in a total of 8969 SNP markers. Of these markers, 2770 were identified as transition markers, while 1738 represented transversion SNPs. Chromosomal alignments were successful for 1264 markers, with SNPs distributed across all 21 chromosomes (Figure 3 ). The highest number of markers was found on chromosome 2A and the lowest in chromosome 4D; a majority of markers were located in close proximity to the centromeres. As expected, more markers were identified in the A and B genomes than in the D genome, consistent with a previous study [20] , indicating a need for targeted marker development for the D genome. Preliminary efforts to address this deficiency include the development of a DArT marker array based on 81 Aegilops tauschii Coss accessions [21] , although the resulting marker coverage remains lower than desired.
Individual genetic distances and kinship relationships
The pairwise Roger genetic distance between each of the 446 landraces ranged from 0.002 to 0.47 with an overall mean distance of 0.33. While such a high degree of divergence is uncommon for a national collection of self-pollinated landraces, this result is not without precedent; Semagn et al. [22] In contrast to the high overall genetic distances between landraces, the relative kinship coefficients between pairs of samples ranged from 0 to 1.99, with an average value of 0.5, which is a bit higher than that seen in the CIMMYT maize study (0.37) [22] . The majority of the pairwise Figure 4d ). Only 4,695 (4.7%) of the pairwise kinship coefficients between landraces and 88 (0.45%) of the pairwise kinship coefficients between landraces and controls were >1.0, suggesting that the vast majority of landraces described in this study may be contributing new alleles to the Afghan gene pool, even though~70% of them were collected from only three provinces (Herat, Ghor, and Badakhshan; Additional file 1).
Dendrogram
High-throughput SNP arrays were used to evaluate 446 KAWLR samples and 45 controls originating from landraces of neighbouring countries, along with improved Afghan varieties, and one durum wheat genotype. Phylogenetic analysis revealed the complex nature of the diversity present in these landraces, which could be divided into 14 major clades ( Figure 5 , Additional file 2). Among these 14 clades, clade I accounted for~30% of all landraces. This clade consisted of landraces collected from Badakhshan, Baghlan, Bamyan, and Takhar provinces, along with six landraces from Ghor, four from Kabul, two from Samangan, and one from Faryab. The provinces of Badakhshan, Baghlan, Bamyan, and Takhar are all located in the northeast region of Afghanistan, where their wheat landraces are expected to cluster together. More surprising was the inclusion of an Ishkashim landrace in this clade, considering its predecessor originated in Tajikistan. On the other hand, clade II was limited to landraces collected from Badakhshan province, with the exception of one landrace from Parwan. Landraces from the north central provinces of Balkh, Samangan, and Faryab clustered primarily within clade VIII. Clades VI and IX were comprised of landraces from Ghor, Herat, Wardak, Badghis, and Bamyan provinces, while clade X contained landraces collected from Ghor, Herat, and Wardak.
Clade VII contained the Iranian landraces NBRP47 and NBRP105, along with most of the Herat and Kandahar landraces, and an additional 11 landraces from Ghor. Geographically speaking, Ghor province is located in the centre of Afghanistan and is surrounded by the provinces of Herat, Wardak, Badghis, Kandahar, and Bamyan; this central location likely accounts for the overlap among these regions. Clades III, IV, and XI included a mixture of Afghan landraces belonging to different provinces, along with control NBRP48, which clustered in clade IV.
The remaining controls were grouped mainly into three clades: V, XII and XIV, of which clade V was comprised exclusively of controls. The rest of the hexaploid wheat controls, accounting for 30 genotypes, clustered within clades XII and XIV alongside 23 Afghan landraces (~5% of the total germplasm), consisting of 10 from Badakhshan, five from Kabul, two from Takhar, one from Kunduz, one from Ghor, one from Herat, and three from unknown sources. The significant divergence between the Afghan landraces and controls highlights the novelty of this collection and its potential value for the development of new wheat varieties.
As expected, the durum wheat genotype was clustered as an out-group in this analysis, although four Afghan landraces also clustered independently of other landraces in the highly differentiated clade XIII. Table 1 summarizes the distances and the relative kinship relationships within this clade and in relation to the entire germplasm. The durum genotype had the lowest kinship and the greatest distance relative to the germplasm mean; its highest kinship and shortest distance was with landrace 818. Of the Afghan landraces, three (743, 942, and 943) exhibited very high kinship and short genetic distances among each other; medium kinship relationships and distances were seen with landrace 818, while low kinship and long distances were seen in comparison to the durum genotype and germplasm means. Taken together, these three genotypes appear unique in relation to other clades, and may therefore harbour distinctive genes that could be exploited for breeding purposes. In contrast, landrace 818 appears to be a variety of durum wheat (Triticum durum Desf.), a distinction most likely the result of misclassification or human error.
Population structure
To further clarify our diversity analysis and to better estimate population subdivisions, a population structure analysis was performed using only KAWLR samples. Samples were analysed using STRUCTURE software [23] , revealing 15 distinct sub-populations (K = 15) within our germplasm. In order to differentiate these subpopulations, samples were further categorised based on collection site, taxonomy, and morphology ( Figure 6 ). The landraces of Badakhshan province alone were grouped into five different sub-populations, while the sub-population with the highest number of accessions (104 acc.) combined landraces collected from neighbouring Herat and Ghor provinces. When comparing sub-populations based upon botanical varieties, nine sub-populations could be identified as having unique botanical varieties. For instance, the var. milturum (Alef.) Velican from Badakhshan province was grouped exclusively with landraces collected from high elevations. Other examples include var. ferrugineum (Alef.) Velican and var. erythrospermum (Alef.) Velican, the major varieties found in our collection, which were often grouped together. Overall these results highlight the considerable diversity present in our germplasm, along with the ability of STRUCTURE analysis to better connect genomic diversity with its corresponding phenotypic outcomes, such as geographic distribution and botanical varieties. The Badakhshan samples contained the greatest degree of diversity in our study, which can be used to adapt existing wheat strains to particular agro-climatic zones. Afghanistan is divided into eight agro-climatic zones [1] , each of which is unique in terms of optimum crop yields. For wheat cultivation, Afghanistan is classified as mega environment 7, suitable for facultative wheat production with irrigation [24] . However, an FAO [Food and Agricultural Organization] report, combined with other project studies, showed that nearly 70% of Afghan land used for wheat production is within areas receiving sub-optimal rainfall, consistent with the need for selective breeding to adapt wheat varieties to local conditions.
Outside of botanical varieties, population structures were also affected strongly by the collection year. For instance, genotypes collected before 1979 were classified either primarily or completely within sub-populations 2-5, 8-11, and 14, whereas samples collected in 1979 or later grouped primarily in sub-populations 1, 6, 7, 12, 13, and 15. Moreover, landraces collected before 1979 were distributed across a higher number of sub-populations, with an average major sub-population contribution of 77.6%, compared with 84.7% for landraces collected after 1979. This analysis indicates a shift towards lower overall genetic diversity over time, with less deviation from a landrace's major sub-population. This observation is consistent with our original assumptions, in that increasing wheat cultivation during this time period led to a reduction in overall genetic variation due to the greater availability and deployment of improved varieties, along with substantial changes in living conditions. Similar trends have continued in the years since this collection was completed, highlighting the need for alternative approaches to wheat cultivation in this region [25] .
Geographical sub-population analyses
Next, landrace population structures were re-estimated using only 385 landraces collected from Badakhshan, Ghor, Herat, Takhar, Kabul, Badghis, Kandahar, Bamyan, and Samangan provinces, resulting in 10 distinct subpopulations. The strongest divisions were seen among landraces isolated from Badakhshan and Takhar provinces, as these two regions grouped independently of the remaining regions when divided into two groups (K = 2; Figure 7 ). Increasing the number of clusters resulted in division of the Badakhshan samples into seven subpopulations, of which five were unique to this province.
Nei genetic distances were also calculated using only the landraces described above. The most closely related sub-populations were from Herat and Ghor, followed by Badakhshan and Takhar, with genetic distances of 0.027 and 0.035, respectively. The largest distances were seen between Takhar landraces and those collected from Kandahar and Badghis (0.267 and 0.199, respectively; Table 2 ). The average Nei distance was the lowest (0.074) between all Kabul genotypes and those of other sub-populations, whereas Takhar and Kandahar genotypes were the most divergent (0.149 and 0.143, respectively). This result was somewhat surprising, given that Kabul genotypes showed the highest mean heterozygosity The Nei genetic distance analyses were consistent with those of our PCA analysis, indicating a strong reproducibility across analytical methods (Table 2 and Figure 8 ). The first and the second principle coordinates account for over two-thirds of the total genetic variation among the nine sub-populations; the first coordinate accounted for 52.7% of the variability and the second for an additional 17.6%. Interestingly, the provinces of Badghis, Herat, and Ghor were clustered in both coordinates, while the provinces of Kabul, Samangan, and Bamyan were clustered close together on one coordinate but far apart on the second. Of the remaining provinces, Badakhshan and Takhar provinces clustered together tightly, while Kandahar failed to cluster with any of the other groups. These results are consistent with a previous study that examined the phylogeny and population structure of these regions.
Finally, an analysis of molecular variance (AMOVA) was performed under different conditions (Table 3 ). The resulting F-statistic indicated a significant proportion of variance among all cases (p <0.001), with a high degree of variance among varieties within a province (86%) but a low proportion of variance nationwide (14%; Table 3 ). Since landraces collected from Badakhshan and Takhar provinces clustered together so tightly when analysed using only two groups (K = 2; Figure 8 ), we performed a second round of AMOVA in which we considered these landraces as either one population or as one region consisting of two distinct populations, with all remaining samples clustered similarly (Table 3) . When considering the entire germplasm as only two populations, the variety between them was 16%. However, when considered as two populations containing a number of sub-populations, 11% of the total variation could be attributed to the variance between the regions, while only 4% was attributed to the variation among populations (Table 3) . Overall AMOVA showed that the SNP markers were able to assess the genetic variation among Afghan wheat landraces successfully, revealing clear relationships with regard to their genetic origins.
Conclusions
This is the first study demonstrating the untapped genetic potential of Dr. Kihara's Afghan wheat landrace collection. This study was performed using the maximum number of markers available, revealing a substantial degree of genetic diversity among samples. This work also disproved a previous study that evaluated this germplasm and suggested a low degree of overall diversity [26] . Our use of population structure and diversity analyses in combination with collection site data clearly separated the germplasm into distinct groups, which were broadly related to the various agro-ecological zones associated with each geographical region. Use of this phenotypic and environmental data may provide insight into some of the important genetic differences evident among subtypes, indicating possible functional implications for many genetic variations. Preliminary studies have confirmed this hypothesis, identifying potential genotypes associated with biotic and abiotic stress situations. Taken together, the genetic and phenotypic data presented here may help to improve the existing wheat gene pool in Afghanistan, allowing for greater adaptability to local environments, leading to better and more consistent crop yields. Within populations 88% *P <0.001. **Badakhshan and Takhar provinces were considered as one population in (2) and as a single region in (3), while the remaining provinces were considered as a single population in (2) and as a single region in (3).
Methods

Plant materials
The main source of material used in this study was from the KAWLR collection, which represents a series of Afghan wheat landraces collected from 1950-70 via a variety of scientific expeditions. This collection has been preserved and maintained under the auspices of the National Bio-Resources Project, Japan. A portion of this collection representing 446 unique accessions was selected for use in this study (Additional file 3). Moreover, one durum wheat genotype was also included in theexperiment to ensure that all of the collected materials were hexaploid wheat. In addition to the Afghan varieties, landraces from Iran and Pakistan were also included for use in comparative studies (Additional file 3: Table S2 ). Healthy seeds were sown in trays and transplanted before winter (November). One-month-old healthy seedling leaves were harvested for DNA extraction.
Genotyping
Genotyping was performed using genotype by sequencing (GBS) 1.0 V arrays (Triticarte Pvt. Ltd, Australia). SNP markers with a minor allele frequency >10% and markers with >80% good data were selected for further analysis. As the populations represented by this collection are presumed to be homozygous in nature, they were maintained in a controlled pollination environment. Replicates taken from the same landrace that exhibited similar botanical variety phenotypes were considered the same. Genotyping was performed using only a single plant from each landrace. Sequence alignments and SNP extractions were performed using Triticarte software; only SNPs with a call rate >90% were considered. Chromosomal mapping of SNP markers was performed in another recombinant inbred line population (unpublished data) using a Statistical Machine Leaning methodology (Triticarte) [27] .
Data analyses
Genetic diversity analysis was performed using DARwin software [28] and the Jaccard index. The diversity tree was built using a neighbour-joining (NJ) algorithm [29] that relaxes the assumption of equal mutation rates over space and time and produces an un-rooted tree. The confidence interval of the genetic relationships among the accessions was determined by performing 1,000 bootstraps, with the results expressed as percentages at the main nodes of each branch. AMOVA was used to partition the genetic variation into inter-and intra-gene pool diversities based on Arlequin v3.5 software [30] . This analysis was used to identify and separate the samples into collection site-related groups based on a neighbourjoining dendrogram; finally, the results were compared with the morphological characteristics. The statistical significance between mean genetic distances was assessed using the Student's t test. Principal coordinate analysis (PCA) was conducted on the basis of genetic similarity using the EIGEN procedure in GeneAlEx 6.4 [31] to observe the distribution of wheat populations. PCA reduces the original total variance among individuals and clarifies the relationship between two or more characters into a limited number of uncorrelated new variables [32] . This allows visualization of the differences among individuals and identification of possible groups or clusters [33] . A Bayesian-clustering program utilising a Markov Chain Monte Carlo (MCMC) approach, STRUCTURE version 2.3.4 [23] , was used to elucidate the structure of genetic variation and identify the number of genetically distinct clusters or gene pools. STRUCTURE was run five independent times for each value of K ranging from 1 to 16 using a burn-in period of 10,000 steps and 100,000 MCMC steps, using a model allowing for admixture and correlated allele frequencies. Parameters were set to their default values, as recommended by the manufacturer [34] . The probability of best fit into each number of assumed clusters (K) was estimated by an ad hoc statistic DK based on the rate of change in the log probability of data between consecutive K values [35] . STRUCTURE analysis was performed again for only 385 genotypes representing nine provinces, each of which contained a minimum of 10 landraces.
